Defects in promoters of the nonexpressed DQA2, DQB2, and DOB genes from the class II major histocompatibility complex were mapped by placing Z and X boxes of these silent genes into a synthetic DRA promoter. These conserved upstream sequences confer B-cell-specific and -interferon-inducible expression to the DRA gene. Since DRA promoters containing the X box from the DQA2 gene and Z boxes from DQA2, DQB2, and DOB genes were neither expressed constitutively in B cells nor inducible by y interferon in fibroblastic cells, these conserved upstream sequences are implicated in the transcriptional defects of these silent genes.
The major histocompatibility complex class II region contains 13-15 genes that encode three serologically defined isotypes of class II molecules (called DP, DQ, and DR). These are expressed as A/B heterodimers on surfaces of mature B cells, activated T cells, and some somatic cells after activation with y interferon (IFN-y) (1) . By binding and presenting processed antigenic peptides to T cells, these heterodimers play essential roles in the immune response.
The remaining class II genes are not expressed in the same tissue-restricted manners Some of these genes are pseudogenes as determined by defects in their primary DNA sequences (2, 3) . However, three of these genes, called DQA2, DQB2, and DOB, contain no obvious abnormalities in their coding sequences or splicing signals. Furthermore, there are several reasons to suspect that these genes are expressed as proteins in some context. (i) A cDNA clone corresponding to the DOB gene has been isolated (4) and the DOB gene produces stable mRNA transcripts when linked to a retroviral promoter. (ii) Changes of three nucleotides in the promoter of the DQB2 gene increased its expression in B cells (5) . (iii) Coding sequences of DQA2 and DQB2 genes are conserved among other class II haplotypes (6) and the sequence of the DQB2 gene is tightly conserved among many primate species (7) . These observations suggest that low levels of expression of these genes in mature B cells and in IFN-y-induced cells are due to their low levels of transcription.
All class II genes arose from duplications of an ancestral gene (8) and contain conserved upstream sequences (CUS) called Z, X, and Y boxes that bind nuclear proteins (9) (10) (11) (12) (13) (14) (15) . These CUS determine B-cell-specific and IFN-y-inducible regulation of the DRA promoter (16) and other class II genes (17) (18) (19) . Sequence differences in the X and Z boxes of DOB, DQA2, DQB2, and DRA could lead to reduced levels of expression. To test this hypothesis, we replaced the Z and X boxes in a synthetic DRA promoter (16) with those from the three silent genes and from the closely related and expressed DQA and DQB genes. These substituted promoters tested the ability of individual Z and X boxes from these genes to activate transcription in a B-cell-specific and IFN-yinducible manner.
MATERIALS AND METHODS
Cells and Tissue Culture. Raji cells (ATCC CCL86) and HeLa cells (ATCC CCL2) were maintained as described (16) . Class II expression in HeLa cells was induced with IFN-'y (Chiron) as described (16) .
Transfections and Chloramphenicol Acetyltransferase (CAT) Assays. Cells were transfected by the DEAE-dextran/ chloroquine biphosphate method (20) or by electroporation (14) . CAT assays were performed by TLC (20) or by the method of Neumann et al. (21) . All transfections were performed in triplicate with at least two DNA preparations. All CAT activities were normalized to that of pDRASCAT in Raji or IFN-y-induced HeLa cells.
Oligonucleotides and Plasmids. The plasmid pDRASCAT [previously referred to as pDRsyn (16) ] contains a synthetic DRA promoter from positions -150 to +31 linked to the CAT reporter gene. Regions from nt -150 to -116 and from nt -116 to -88, which contain the extended Z and X boxes, respectively, are flanked by unique restriction endonuclease sites that facilitate construction of recombinant promoters. Oligonucleotides complementary to the extended and core Z and X box regions of DOB, DQA2, and DQB2 and the extended Z and X box regions of DQA and DQB were synthesized and systematically cloned into pDRASCAT (see Wild-type promoters were synthesized by PCR using the genomic clones p201-2 (25), p802-2 (25), and p107-1 (23) as templates for DQA2, DQB2, and DOB, respectively. The sequences of the primer pairs are as follows: DQA2, 5'-AC-GGAAGCTTTTATAGAAAATTTCCTCAAG-3' and 5'-CGTAAGATCTGGCAGCCTCAGCAGTTGCTG-3'; DQB2, 5'-ACGGAAQCTTAGTGCAATTTGAAGAA-GAAA-3' and 5'-CGTAAGATIAAGGAAAAAGCAGTG-GTAGT-3'; DOB, 5'-CATGAAGCTTACTTCTTCTC-CCAGCCCATT-3' and 5'-CGATA.GATCATAGTAAA-ATCGTCAGCCTC-3'. The PCR fragments were cloned into the HindIII and Bgl II sites (underlined in primers) of the CAT reporter plasmid pTE2A&tk (20) . The wild-type DRA promoter pDRACAT has been described (20) .
The oligonucleotide DRAAX, which is homologous to the pDRASCAT promoter from positions -116 to -87, was radiolabeled and electrophoretic-mobility-shift assays (EMSAs) were performed as described (16) . Nuclear lysates from Raji and HeLa cells were prepared as described by Osborn and Nabel (26 
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Differences Exist in the CUS of DQA2, DQB2, and DOB Genes. Promoters of DQA2, DQB2, and DOB genes contain homology to CUS that are sufficient for appropriate expression of the DRA gene in B cells and IFN-y-induced cells (16, 19, 20) . However, sequence differences in their Z and X boxes ( Fig. 2b) could account for the lack of expression of these silent genes.
To test this possibility, recombinant promoters in which the Z and X boxes of DRA were replaced with the Z and X boxes from DQA2, DQB2, and DOB genes were constructed (Fig. 2) . Two types of replacements were made: core replacements, which contain only the core Z (7 bp) or X boxes (14 bp) as defined by extensive sequence comparisons between class II genes, and extended replacements, which contain the core motif and surrounding sequences from DQA2, DQB2, and DOB genes. Since DQA2 and DQB2 genes are closely related to DQA and DQB genes, substitutions of Z and X boxes from DQA and DQB were also used as positive controls. This strategy led to the fine mapping of cis-acting defects in these silent genes.
Some Substituted DRA Promoters Containing Extended Z and X Boxes from DQ42, DQB2, and DOB Genes Do Not Function in Raji and IFN-rInduced HeLa Cells. CAT activities of extended X and Z box replacements in Raji cells are presented in Fig. 3 a and (a) Scheme for construction of recombinant promoters. Two types of recombinant promoters were constructed; those containing the consensus Z and X boxes with flanking sequences (extended replacements) and those containing only the core Z and X boxes flanked by DRA sequences (core replacements). into the synthetic DRA promoter, the extended X box from the DQA2 gene did not function, but the extended X boxes from DQB2 and DOB genes conferred almost wild-type activities to the synthetic DRA promoter. In contrast, all replacements of extended Z boxes from DQA2, DQB2, and DOB genes resulted in >80%o decreased CAT activities. Both the extended X and Z boxes from DQA and DQB genes were active in the synthetic promoter (Fig. 3 a and b) . Thus, these findings suggest that although the Z and X boxes are functionally equivalent among class II genes, the extended X and Z boxes of DQA2 and the Z boxes of DQB2 and DOB are defective.
The substituted DRA promoters containing extended X and Z boxes from DQA2, DQB2, and DOB genes were also tested in HeLa cells treated with IFN-y. Whereas the extended X box from the DQA2 gene was completely unresponsive to IFN-y, slight responses were observed with the extended X boxes from DQB2 and DOB genes (Fig. 3c) . However, these responses were significantly lower than those observed with the synthetic DRA promoter. Moreover, a whereas extended Z boxes from DQA2 and DQB2 genes retained some IFN-y inducibility, the Z box from the DOB gene did not function (Fig. 3d) . However, extended X and Z boxes from DQA and DQB genes were IFN-y-inducible in HeLa cells (Fig. 3 c and d) Boxes from DQA2, DQB2, and DOB Genes in Raji and IFN-y-Induced HeLa Cells. Homologies between promoters of class II genes extend to 7 nt in the Z box and 14 nt in the X box (Fig. 2b) . To determine whether defects in promoters of DQA2, DQB2, and DOB map to these sequences, we constructed plasmids that contained only core Z and X replacements from the silent genes flanked by sequences from the DRA gene (Fig. 2b) . In Raji cells, CAT activities of core Z and X boxes behaved identically to extended Z and X boxes; i.e., whereas both boxes from the DQA2 gene did not function, only the core Z boxes from DQB2 and DOB genes were defective (Fig. 4 a and b) .
Core X box replacements behaved similarly to extended X box replacements in IFN-y-induced HeLa cells (Fig. 4c) ; i.e., whereas core X boxes from DOB and DQB2 genes gave modest IFN-y responses of up to 3-to 4-fold, the core X box from the DQA2 gene was not inducible. However, as with extended X boxes, much lower levels of induction from core boxes of DQB2 and DOB genes were observed than with the synthetic DRA promoter. Additionally, the IFN-y inducibility of the DRA promoter was lost with core Z box replacements from the silent genes (Fig. 4d ). This contrasts with a low but persistent 5-fold IFN-y induction of extended Z boxes from DQA2 and DQB2 genes (Fig. 3d) . Finally, neither core (Fig. 4d) nor extended (Fig. 3d ) Z box replacements from the DOB gene were induced by IFN-y. These results demonstrate that, in general, extended and core replacements of CUS from each gene behaved similarly in Raji and IFN-y-induced HeLa cells, suggesting that B-cellspecific and IFN-y-inducible expression involve common cis-acting elements. Furthermore, since core Z and X boxes among these genes failed to activate transcription in the substituted DRA promoter, these sequences probably account for transcriptional defects of wild-type DQA2, DQB2, and DOB genes. One exception to this observation is that the extended Z box from the DQA gene could functionally substitute for the Z box of DRA in both Raji cells and IFN-y-induced HeLa cells, whereas the core Z box from the DQA2 gene was nonfunctional in both cells. Since core Z boxes of DQA and DQA2 are identical, this suggests that cis-acting sequences near, but not in, the core Z box of the DQA gene are also required for function.
Binding of Proteins to CUS Does Not Correlate with Their Activities. It is possible that CUS from these silent genes cannot substitute for those from the DRA promoter because they cannot bind the same regulatory proteins. This was tested by an EMSA using the radiolabeled extended X box oligonucleotide from the DRA promoter, to which several proteins from Raji and HeLa nuclear extracts bind (Fig. 5) . These complexes are referred to as NF-XcR and NF_XcH in Raji cells and HeLa cells, respectively (16) . The binding was challenged with excess unlabeled extended X box oligonucleotides from DRA, DQA, DQB, and each of the silent genes. With Raji nuclear extracts (Fig. 5a) , only extended X box oligonucleotides from DQA and DQB genes competed modestly for the binding of NF-XcR, whereas with HeLa nuclear extracts (Fig. 5b) , none of the unlabeled oligonucleotides competed for the binding of NF-XcH. As expected, unlabeled excess X box oligonucleotide from the DRA gene competed completely for the binding ofthese complexes (Fig.  5) . Similar experiments were attempted with Z box oligonucleotides but were not successful because the binding of nuclear proteins to the Z box from the DRA gene is very weak (data not shown).
DISCUSSION
The expression of the DRA promoter in Raji and IFN--induced HeLa cells requires CUS called Z, X, and Y boxes (16, 20) . These sequences are partially conserved in promoters of all class II genes (28) and represent binding sites for proteins that regulate class II expression. DQA2, DQB2, and DOB genes are not expressed and their promoters are inactive in B cells and IFN--induced cells. By replacing extended and core Z and X boxes from a synthetic DRA with those from the silent genes, we localized the transcriptional defects of these genes to their CUS. In particular, whereas CUS from closely related DQA and DQB functioned, the X box from DQA2 and the Z boxes from DQA2, DQB2, and DOB could not replace X and Z boxes from the DRA gene.
That CUS from DQA and DQB functioned as well as or better than the native CUS in the DRA promoter in B cells and IFN-yinduced cells validates the utility of our experi- mental approach and confirms the importance of sequence and position of CUS for class II expression. Furthermore, the fact that the DQA and DQB CUS functioned in the context of the DRA promoter makes the converse experiment, where DRA Z and X boxes would replace defective sequences in promoters of nonexpressed genes, unnecessary.
The simplest explanation for the loss of activity in the substituted promoters would be that changed CUS from nonexpressed genes cannot bind nuclear proteins that regulate the expression of class II genes. For example, the defect in the X box of the DQA2 gene maps to 14 nt in the core X box that contains 5 changed nt, at positions 1, 4, 9, 10, and 11 ( Fig. 2b) , that do not occur at those positions in X boxes from other expressed class II genes. Three of these nucleotides, at positions 1, 4, and 9 occur in the binding site for NF-X, where identical C --A changes at positions 1 and 9 in the X box from the DRA gene abolished the binding of NF-X (29). Furthermore, nucleotides at positions 9, 10, and 11 occur in the binding site for transcription factor BCF-1, which is required for high levels of expression of the DRA gene in B cells (14) . Additionally, the core X box from the DQB2 gene reduced the activity of the substituted DRA promoter. This X box has an A -> C change at position 8 (Fig.   2b ). This change was previously demonstrated to reduce activity of the DQ3.1 promoter 10-fold (5). Similar analyses could not be carried out with the Z box because precise sequences and proteins that bind to the Z box have not been defined and EMSAs are extremely difficult. However, data from this study and our previous work (16) extend the functional Z box to sequences flanking the heptamer defined by Servenius et al. (23) . Thus, differences in X box sequences from these silent genes confim and extend previous observations and can be correlated with the binding of specific nuclear proteins.
These comparisons suggest that partial or complete losses of activity of some of these substituted promoters result from the inability of their CUS to bind regulatory proteins necessary for class II promoter function. Indeed, the nonfunctional X box from DQA2 did not compete for the binding of Raji and HeLa nuclear proteins to the X box of the DRA gene. However, this hypothesis is complicated by the observation that the functional X boxes of DQB2 and DOB did not compete either. One possible explanation of these results is that the functional X boxes of DQB2 and DOB bind the same proteins as the X box from the DRA gene at much lower, but sufficient, affinities. This hypothesis is supported by the observation that RFX-1 binds to the X box ofDRA, DPA, and DQA with very different affinities in vitro (9) even though all of these genes are highly expressed in B cells. Alternatively, different protein complexes bind to X boxes from these genes. These complexes might contain common and unique proteins, some of which are specific for only one or a few class II genes. Indeed, proteins such as transcription factors hXBP (10), AP-1 (13), and BCF-1 (14) have been isolated that bind to X boxes from selected class II genes. Thus, unique complexes that bind to a particular X box may not efficiently bind to other X boxes even though cis-acting sequences can functionally substitute for each other. However, until all proteins that bind to Z and X boxes are defined and their protein-DNA and protein-protein interactions are characterized, it will be difficult to differentiate between these possibilities.
Finally, the possibility exists that DQA2, DQB2, and DOB are functional genes that are expressed in tissues other than B cells and IFN-y-induced fibroblastic cells. In that case, sequence differences among DQA2, DQB2, DOB, and other class II genes might define cis-acting sequences responsible for their divergent tissue-specific expression.
